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I NTRODUCT I ON 

Carboxylic acids are readily converted to aromatic hydrocarbons 
over ZSM-5 zeolites (1). The initial step of the reaction 
sequence involves oxygen elimination by decarboxylation, 
decarbonylation and/or dehydration. The residual hydrocarbon 
moiety is then aromatized, we believe, via classical carbenium 
ion pathways ( 2 ) .  

The reaction causes rapid catalyst deactivation, which can be 
alleviated by adding methanol to the feed (3). The synergistic 
effect of methanol on acetic acid aromatization is the subject of 
this study. 

EXPER I MENTAL DATA 

A. FIXED BED RESULTS 

Acetic Acid 

Acetic acid was reacted over HZSM-5 at 316°C and 370°C, 1 
atm., 1 LHSV. Results are shown in Table 1. At 316"C, activity 
is low (8% conversion). Decarboxylation is the principal mode of 
oxygen elimination, resulting in acetone and hydrocarbons, mainly 
isobutylenes and aromatics. At 370°C, both decarboxylation and 
dehydration are important, however, catalyst deactivation is 
rapid, with conversions dropping from 100% to 71.4% in 1.3 hr. 

Again the main products are acetone, isobutylene and 
aromatics. Decarbonylation is a relatively minor reaction. 

Acetic Acid/Methanol Mixture 

A 4/1 molar mixture of methanol/acetic acid was reacted over 
HZSM-5 at 370°C, 1 atm., 1 As seen in Table 1, the conversion 
remains quantitative after 3 hr. No evidence of catalyst 
deactivation was seen during this period. The addition of 
methanol suppresses C02 formation, and dehydration becomes the 
main oxygen-elimination reaction. The hydrocarbons are mostly 
aromatic ( 7 9 % ) .  
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8 .  FLUID-BED RESULTS 

Experimental  d a t a  a r e  presented i n  Table 2 .  Two conversions 
a r e  presented f o r  each run .  "Tota l  conversion" r ep resen t s  t h e  
conversion t o  a l l  p roducts ,  while  "conversion t o  non-oxygenates" 
r ep resen t s  conversion t o  a l l  hydrocarbon, COX and H20 products .  . 
The o v e r a l l  y i e l d s  from t h e  methanol experiment are i n  reasonable  
agreement with d a t a  obtained in  t h e  f l u i d  bed MTG process  (5). 
The hydrocarbon gas  products ,  however, a r e  h igher  i n  propene and 
lower in  isobutane probably due t o  t h e  lower r e a c t i o n  pressure  
used i n  t h i s  s tudy .  

Acet ic  Acid and Methylacetate  

The d a t a  obtained f o r  a c e t i c  ac id  i l l u s t r a t e  s e v e r a l  
i n t e r e s t i n g  p o i n t s  which can be con t r a s t ed  wi th  t h e  e a r l i e r  
continuous opera t ion  i n  a f ixed  bed. F i r s t ,  t o t a l  conversions 
>90% may be maintained i n d e f i n i t e l y  provided per i o d i c  c a t a l y s t  
regenera t ion  is employed. The experimental  d a t a  show t h a t  
decarboxylat ion t akes  p l ace  t o  a l a r g e  e x t e n t .  

hydrocarbon a s  methanol. The lower y i e l d  is p r imar i ly  due t o  
carbon loss by decarboxyla t ion ,  and t o  a smal l  ex ten t ,  t o  coke 
and CO product ion.  

On a weight b a s i s ,  a c e t i c  ac id  y i e l d s  less than  40% a s  much 

\ 

Methyl a c e t a t e  has  a higher carbon con ten t  (48.65 C) than  
a c e t i c  a c i d  and methanol and d e s p i t e  decarboxyla t ion  and coke, 
the observed hydrocarbon y i e l d  remains comparable t o  t h a t  of 
methanol. Moreover, s e l e c t i v i t y  fo r  d i r e c t  conversion t o  C5'  
hydrocarbons is  higher  than t h a t  of a c e t i c  a c i d  or methanol 
( 7 9 . 5 % ) .  Thus, t h e  d i r e c t  y i e l d  of C g t  l i q u i d  hydrocarbons is 
32.15 on charge vs  23.3% f o r  methanol. 

Acet ic  Acid/Methanol Mixtures  

Processing a 1.9/1 or a 3.8/1 molar m i x t u r e  of  CH30H and 
, a c e t i c  ac id  provided observa t ions  s i m i l a r  t o  fixed-bed r e s u l t s ,  

i . e .  an enhancement in C5' l i q u i d  y i e l d  a t  t h e  expense of Cq-  vs 
what might be expected i f  t h e  mixture behaved a s  t h e  average of 
i t s  two components, t h e  c a l c u l a t e d  va lues  f o r  which a r e  shown in 
parentheses  i n  Table 2. The s e l e c t i v i t i e s  of t h e  hydrocarbon 
products  amplify t h e  observed synergism with r e s p e c t  t o  C g t  
l i q u i d s .  Furthermore,  t h e r e  i s  an enhancement in  t o t a l  
hydrocarbon y i e l d  vs  l i n e a r  combination e x p e c t a t i o f i s -  

This is i l l u s t r a t e d  i n  F igure  1 which shows t h e  e f f e c t  o f  
i nc reas ing  mole pe rcen t  methanol i n  t h e  MeOH/acetic ac id  charge 
and a t t endan t  decrease  i n  oxygen r e j e c t i o n  a s  C 0 2  and inc rease  in  
oxygen removal as H 2 0 .  Thus, more carbon remains a v a i l a b l e  t o  
form hydrocarbon products ,  much of it becoming C5' l i q u i d s .  
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DISCUSSION 

A. AROMATIZATION PATHWAY FOR ACETIC ACID 

As shown previously, the major initial products of acetic 
acid reaction over HZSM-5 are acetone, isobutylene and Cot. 

Acetone formation from acetic acid is a known reaction and 
is often referred to as "ketonization" (6,7). The reaction was 
originally observed on 3d-oxides, but has been reported for 
Si02/A1203 and mordenite ( 8 , 9 )  catalysts. The mechanism of 
ketonization via decarboxylation is discussed later. 

Isobutylene formation from acetone decomposition over silica 
gel and Si02-Al203 (8,9,10) and zeolites (1,12) has also been 
reported. The reaction mechanism over acid zeolites is believed 
to involve an aldol condensation followed by p-scission (12): 

- -H 20 H+ 
Z(CH3)CO - (CH3)2C-CHCOCH3 - 

h 
+ I  

(CH312CCH2 - COCH3 ---F. H20 (CH3) 2C=CH2 
-H+ 

+ CH3COOH 

In the present case, the isobutylene is converted by HZSM-5 to 
aromatics and paraffins, while the acetic acid re-enters the 
catalytic cycle. 

Neglecting catalyst deactivation for the moment, the main 
reactions of hydrocarbon formation from acetic acid over HZSM-5 
are summarized in the following scheme: 

Scheme A 

CH3COOH X CH3COOH (CH3)2C=CH2 [CH21x 

C02 + H20 

[CH2lr = aromatics t paraffins 

2 (CH3 1 2CO 

B. MECHANISM OF CATALYST DEACTIVATION AND THE ROLE OF METHANOL 

The ketonization of acetic acid over 3d-oxides such as 
chromia and Ti02 at 35Oo-46O0C has been shown to involve the 
bimolecular nucleophilic attack of an acylium ion by an acetate 
species with C02 elimination (7,13): 

0 
+ p? 4 

CH3CO + CH3-C-0 (CH3)zCO + C02 
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Over the Ti02, the acylium ion precursor was ketene, detected by 
IR (7). 

It seems reasonable to assume a similar mechanism for 
strongly acidic zeolites, except that in this case, the acylium 
ion may be directly generated: 

+ -  
CH3COOH + HO-zeol - CH3C0 0-zeol + H20 

At sufficiently high temperature, an acetate species results, as 
has been reported for NaHY (14): 

350'C - +  
RCOOH + HO-zeol - RCOO + zeol + H20 

Note that this is a zeolite dehydroxylation. The crystallinity 
of Na mordenite is gradually destroyed in ketonization of AcOH 
and EtCB2H at 200-450°C (8). ZSM-5, however, is regenerable, as 
shown in the fluid studies. 

We assume that dehydroxylation is the primary mechanism of 
zeolite deactivation by carboxylic acids. We propose that the 
acylium ion is the precursor to acetate 

+ -  A - +  
CH3CO 0-zeol - CH~COO t zeol 

and that methanol "traps" the acylium i o n  

CH30H [:CHz] t H2O 
+ -  t 

CH3CO + :CH2 A CH3COcH2 

The resulting a-ketocarbenium ion is converted to acetone by 
hydride abstraction from a suitable source, e.g. isoalkane. 

+ 
CH3COCH2 + RH - (CH3)zCO + Rt 

As support for this step we cite the AlC13-catalyzed conversion 
of pivaloyl chloride to methylisopropyl ketone in the presence of 
isopentane as hydride source (15): 

C C 

c-c-c - \ 40 -c1- c\t R RH \ R  

-/ \~ 
c c1 

c-8-c - 'c-r-c 
/ 

C 
/ 

C 

This intervention by methanol, therefore, competes with acetate 
formation, C02 formation and attendant zeolite 
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dehydr oxyia t ion/deac t i v a t  ion.  
summarized a s  Scheme B. 

The proposed mechanism i s  

Scheme B 

T h i s  scheme can obviously be adapted t o  methyl a c e t a t e  conversion 
by including t h e  equ i l ib r ium between methyl a c e t a t e ,  methanol and4 
a.cetic ac id .  

Figure 1. 
OXYGEN REJECTION VS. MOCE PERCENT MEMANIX IN FEED 

0 20 40 60 80 
MOLE PERCENT METHANOL IN METHANOL-ACETIC ACID FEED 
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